Plasma-sprayed hydroxyapatite (Ca 10 (PO 4 ) 6 (OH) 2 , HA) is an attractive biomaterials because it can provide the osteoconductivity and osseointegration to form a chemical bonding to bone. In order to improve the properties of HA, the post-heat treatment was performed and the effect of an ambient atmosphere on phase purity, crystallinity and bonding strength of plasma-sprayed HA coatings (HACs) was investigated. On the basis of quantitative analysis in crystallinity and phase content, autoclaving hydrothermal treatment was found to be effective for the elimination of impurity phases and amorphous calcium phosphate. It should be noted that plasma-sprayed HACs with a crystallinity of 84.5% and very low impurity phase content of 1.4 mass% can be obtained through a low temperature (200 C) hydrothermal treatment. Experimental evidence confirmed that the saturated steam atmosphere plays an important role in lowering the heating temperatures and promoting HA crystallization. Furthermore, hydrothermal-treated HACs show superiority in prominent OH À and PO 4 3À groups than vacuum heating HACs. In addition, the bonding strength of the coating layer also can be improved from 35.7 MPa (vacuum heating) to 39.4 MPa (150 C hydrothermal treatment). From the evaluation of microstructural features and properties, an excessively high heating temperature will cause contraction with HA crystallization resulting in detrimental large cracks that lead to bonding degradation. Consequently, hydrothermal treatment seems very promising as a way of improving the properties of HA coatings.
Introduction
Clinical application of HA-coated Ti-6Al-4V has high potential as an implant material owing to its good bonding with surrounding bone. 1) Among the various deposition methods of HA coating on metallic substrates, plasma spraying is a widely used process mainly due to its high deposition rate and good bonding strength of the coatings. It should be noted that one disadvantage of the plasma-sprayed HA coating layer (HACs) is the formation of easily dissolved phases such as tri-calcium phosphate (Ca 3 (PO 4 ) 2 , TCP), tetra-calcium phosphate (Ca 4 P 2 O 9 , TP), calcium oxide (CaO) and amorphous calcium phosphate, besides the desired HA phase. 2, 3) It has been recognized that plasma-sprayed HACs with a fair amount of impurity phases will promote the dissolution rate and the mechanical degradation for a period of immersion in vitro and in vivo. 4, 5) Since amorphous calcium phosphate is thermodynamically meta-stable, an appropriate thermal treatment could induce significant crystallization; consequently, as-sprayed HACs with a post-heat treatment in vacuo or in atmosphere can improve the phase purity and crystallinity. 2, [6] [7] [8] However, the high heating temperatures tend to undermine the structural integrity of HA because of the decomposition of crystalline HA phase in the TCP and TP phases.
2) Therefore, a heating process conducted with a water vapor atmosphere was developed to minimize impurity phases and increase crystallization of HA. This is a result of compensation of missing OH À groups with surrounding H 2 O molecules. [7] [8] [9] [10] The investigation focused on clarifying the microstructural differences between the above-mentioned vacuum and autoclaving hydrothermal post-heat treatment of plasma-sprayed hydroxyapatite coating with respect to the bonding strength of both samples.
Materials and Methods

Atmospheric plasma spray
High purity HA powder, with particle sizes ranging from 15 to 40 mm, was used in the coating process. Plate Ti-6Al-4V alloy (ASTM F-136 ELI) specimens, measuring 20 Â 15 Â 3 mm 3 , were used as substrates to measure coating crystallinity and material characterization, and cylindrical rods, measuring 25.4 mm in diameter and 55 mm in length, were used to measure bonding strength. Prior to spraying, the surfaces were grit-blasted with SiC grit to roughen the surface, and were then ultrasonically cleaned. The HA powder was carried by high purity argon gas to the plasma torch. HACs with an average thickness of 120 AE 10 mm were prepared using the spraying parameters as indicated in Table 1 in accordance with our previous study. 9) During spraying, the substrates were kept at a low temperature by compressed air cooling in order to prevent overheating. 
Post-heat treatment of the HACs
Heat treatment of as-sprayed HACs was conducted in a vacuum furnace (Vacuum industries, System VII) and in an autoclave (Parr 4621, Pressure Vessel), respectively. For vacuum heating treatment, the samples namely VH400, VH500, VH600, VH700 and VH800 were heated at temperatures of 400 C, 500 C, 600 C, 700 C and 800 C respectively with a heating rate of 10 /min and held for 3 h. The pressure in the vacuum chamber was lower than 1:33 Â 10
À3
Pa. For autoclaving hydrothermal treatment, lower temperatures (HT100: 100 C, HT125: 125 C, HT150: 150 C HT175: 175 C and HT200: 200 C) were employed and held for 6 h. Deionized water was used as the source of steam in the autoclave. Prior to hydrothermal treatment, the autoclave was a pre-vacuum and the pressure was measured as saturated steam pressure at hydrothermal temperature. The temperature deviation during heat treatment was about AE5 C, and the heat-treated specimens were furnace cooled to room temperature.
Crystallinity and phase quantitative analysis
The phases of as-received HA powder, as-sprayed HACs, and heat-treated HACs were identified by X-ray diffractometry (XRD, Rigaku D/MAX III. V), using CuK radiation, operated at 30 kV, 20 mA with a scan speed of 1 (2)/min. The internal standard method was used to quantitatively determine the phase content of HACs. The calibration curves for impurity phase content were quoted according to a previous study. 2, 11) The main peak integral intensity ratio of impurity phases and HA phase from the XRD results of these post-heat treated HACs were compared to the calibration curves and the concentrations (in mass%) in the HACs were calculated. To evaluate the degrees of HA crystallinity, the relative index of crystallinity (IOC) was defined from the ratio of the main peak intensities of the HACs (Ic) and the HA powder (Ip) by the relation of IOC (%) = ðIc=IpÞ Â 100%. This method assumes that the IOC of the HA powder is 100%. The IOC of the as-sprayed and heat-treated coatings is compared with the HA powder.
Bonding strength measurement
The bonding strength of the as-sprayed and heat-treated HACs was tested using a standard tensile adhesion test (ASTM C633). The loading fixtures were also grit-blasted and attached to the surface of the HACs using special adhesive glue (METCO EP-15) with an adhesive strength of about 60 MPa. After curing in an oven at 180 C for 2 h, the couples were subjected to tensile tests at a constant crosshead speed of 0.02 mm/s until failure. Ten specimens (n ¼ 10) of each group were used in the bonding strength measurement, and the data were reported as the mean AE standard deviation (SD).
Microstructure of the HACs
The surface morphology of the as-sprayed and heat-treated HACs was examined using a secondary electron image (SEI) of a scanning electron microscope (SEM, Philips XL-40 FEG). For the observation of cross-sectional microstructure, the specimens were cross-sectioned and then mounted in epoxy. The mounted specimens were carefully ground using SiC to avoid inducing extra pores or cracks and finely polished by 0.3 mm Al 2 O 3 slurry. The polished specimens were coated with carbon, and then further examined by a backscattering electron image (BEI) of SEM.
Fourier Transform Infrared (FT-IR) spectroscopy
analysis Diffuse reflectance FT-IR analysis (DRIFT, Bomem DA8.3) was performed to characterize the structural variations between the as-sprayed and heat-treated HACs. Prior to FT-IR analysis, the surfaces of the as-sprayed and heattreated HACs were carefully polished without water. An infrared spectrum with a resolution of 1 cm À1 and a scan number of 200 was adopted with a scan range 400-4000 cm À1 . The presence of a hydroxyl (OH À ) stretching band at 3572 cm À1 , a phosphate (PO 4 3À ) asymmetric stretching band at 1087 cm À1 and a bending band at 602 cm À1 were detected and identified. 12) 3. Results content of amorphous calcium phosphate and impurity phases, including -Ca
and CaO, can be recognized in the assprayed HACs. The difference in the phase composition and crystallinity between HA powder and as-sprayed HACs are evident.
Differences in phases composition and crystallinity
The diffractograms of the vacuum heating and the hydrothermal-treated HACs are shown in Figs. 3 and 4, respectively. As shown in Fig. 3 , except for HA phase, such as oxyapatite, TCP, TP and CaO phases are found in the vacuum heating HACs, and the high temperature polymorph of -TCP changes to -TCP under a furnace cooling condition. By the method of hydrothermal treatment, however, these impurity phases are effectively eliminated (Fig. 4) and disappear gradually as the hydrothermal temperature increases. Figure 5 shows the concentration (in mass%) of phases at different temperatures for both post-heat treatments. For the vacuum heating samples (Fig. 5(a) ), most impurity phases continuously decrease as the heating temperature reaches 600 C, at which the VH600 specimen contains the lowest content of total impurity phases (about 20.3 mass%). It should be noted that when the vacuum heating temperature is raised to higher than 600 C, a significant increasing trend of TP and CaO phases can be recognized as the temperature increases further, resulting in greater total impurity phases (about 26.1 mass% for VH800). Besides, there is a continuous decrease in amorphous content with temperature during vacuum heating. Considering hydrothermal-treated HACs, it is worth noting in Fig. 5(b) that all the impurity phases and amorphous calcium phosphate decrease rapidly after hydrothermal treatment, and the HT200 specimen contains the least impurity phases (about 1.4 mass%) among all the heat-treated specimens.
Furthermore, also apparent is the sharpening of the HA main peak (2 ¼ 31: 8 ) with increasing heating temperatures, implying that the HACs further crystallized both in a vacuum and in the presence of a steam pressure atmosphere. As shown in Fig. 6 , the quantitative analysis results (IOC) reflect that the crystallinity of HACs increases with increasing heating temperature. There is a strong linear relationship between heating temperatures and coating crystallinity. From the XRD results, hydrothermal treatment can effectively eliminate most of the impurity phases and amorphous calcium phosphate. Moreover, with the introduction of water molecules in the crystallized reaction, autoclaving hydrothermal treatment improves the crystallinity of HACs, even at lower heating temperatures. Figure 7 shows the high magnification surface morphology with significant differences among the as-sprayed HACs, VH600 and HT150. For vacuum heating process, microcracks started to broaden in the temperature interval 600-800 C and VH600 displayed a broken feature as shown in Fig. 7(b) . For hydrothermal treatment, ultrafine particles can be observed in the vicinity of cracks, as indicated by arrows in Fig. 7(c) , and these ultrafine particles tend to form larger grains and reduce the microcracks as the hydrothermal heating temperature is raised up to 200 C. The cross-sectional microstructure of the VH600, VH800, HT150 and HT200 specimens are shown in Fig. 8 . Compared with the as-sprayed HACs (Fig. 1(b) ), a loose structure, especially in concentrated large cracks, is clearly observed within the high temperature (600-800 C) vacuum heating HACs. The VH800 specimen (Fig. 8(b) ) shows a looser structure than the other vacuum heating specimens. However, the hydrothermal-treated HACs show a significant decrease of microcracks in the temperature interval 100-150 C and display a dense coating layer similar to the HT150 specimen (Fig. 8(c) ). It should be noted that the induced inter-lamellar microcracks (debonding at the lamellar-splat boundaries and indicated by arrows in Fig. 8(d) ) are obvious in the specimens with 175-200 C hydrothermal treatment. 
Differences in morphology
Characterization of the hydroxylation state
FT-IR is another characterization method since it can provide structural features such as a hydroxylation state, which cannot be obtained by XRD. As shown in Fig. 9(a) , no OH À band is observed and two PO 4 3À bands are almost invisible because of the dehydroxylation and low crystallinity of as-sprayed HACs. Comparing the spectra with similar IOC value specimens (VH800 and HT175), the OH À band at 3572 cm À1 in HT175 is much sharper than VH800, as shown in Fig. 9 (b) and 9(c). The broad spectra at about 1400-3300 cm À1 in Fig. 9(b) represents the various band energies of calcium phosphate compounds 12) after vacuum heating. The sharpening in the PO 4 3À bands demonstrates a better crystallized integrity of hydrothermal-treated HACs. The peak at 3642 cm À1 is assigned to another OH À band and is related to the existence of CaO. 13, 14) The 3642 cm À1 OH À band appears since CaO is not easily eliminated by vacuum heating, whereas the intensity of this band decreased with eliminating the CaO phase by hydrothermal treatment.
Bonding strength variation after heat treatment
Using the method of tensile testing (ASTM C633), the bonding strength data of two different heat-treated HACs are plotted in Fig. 10 . Among the vacuum heating specimens, the highest bonding strength with 35.7 MPa can be recognized at 600 C. Meanwhile, for hydrothermal treatment specimens, the highest bonding strength with 39.4 MPa can be recognized at a significantly lower treating temperature of 150 C. In addition, the bonding strength also improved in spite of the hydrothermal treatment performed at a relatively low temperature. The reason for this will be discussed later. possess both biological and mechanical stability in surrounding bone tissue after long-term clinical use. However, the formation of TCP, TP, CaO phases and amorphous calcium phosphate usually cannot be avoided, owing to the hydroxyl deficient during plasma spraying HA. 3, 15) The impurity phases are detrimental to the structural integrity and biological stability of HA. Concerning biological stability, increased crystallinity and decreased impurity phase content will improve the dissolution, dissociation and resorption problems of HACs in vivo. 15, 16) In order to obtain favorable crystallinity, however, post-heat treatment is useful and it has been reported to be effective in promoting the crystallization of amorphous calcium phosphate and in reducing impurity phases.
On the basis of previous investigations by Gross et al. and Feng et al., 15, 17) crystallization reactions have been identified as taking place at about 400 C, 600 C and 700 C during the post-heating process up to 1000 C. But this finding is only qualitatively obtained by Differential Scanning Calorimetry, Differential Thermal Analysis and XRD patterns. With quantitative analysis of phases and crystallinity, the changes in phase content of these reactions are shown in Fig. 5(a) and Fig. 6 . The decrease in amorphous calcium phosphate and the apparent increase in crystalline HA content and the IOC of HACs imply that the HACs have crystallized at 400 C vacuum heating. In the temperature interval 400-600 C, crystallization of HA proceeds with the decrease of TCP, TP and amorphous calcium phosphate. However, the insufficient supply of hydroxyl groups in the vacuum chamber, namely the hydroxyl-deficient crystallization during 600-800 C vacuum heating, tends to form oxyapatite (Figs. 3(c)-(e) ) rather than hydroxyapatite. The crystallized product will be a mixture of hydroxyapatite and oxyapatite. The heating temperature plays a role in changing crystallinity, and the crystallization of hydroxyl-depleted regions requires at least 600 C. Yang et al. have indicated that HA will start to decompose at excessively high heating temperatures, resulting in the formation of impurity phases. 18) With quantitative analysis in this study, the impurity phases reach a minimum content at 600 C vacuum heating, but the crystallized HA phase will decompose to TP and CaO at 700-800 C vacuum heating. The decomposition phenomenon counteracts the crystallization of HA or oxyapatite, and the increased impurity phases reduce the HA content in the coatings. Besides the effects of heating temperature, ambient atmosphere and pressure also affect the crystallization of HACs. Comparing with the HT100 and VH400 specimens, only 100 C is needed for HACs to see a rise in crystallinity and a decrease in the impurity phase content with saturated steam atmosphere (0.1 MPa). From the equilibrium phase diagram of CaO-P 2 O 5 , 19) we see that hydroxyapatite is stable at a partial water vapor pressure of 0.067 MPa. This result implies that the compensation of hydroxyl groups by hydrothermal treatment is also a factor for crystallization during heat treatment. With the aid of a steam atmosphere, the crystallinity reaches its highest value (IOC ¼ 84:5%) and it at only 200 C. In addition, the saturated steam pressure is also an important factor, increases with increasing hydrothermal temperature in the autoclave. An increase in ambient pressure results in a decrease in activation energy for crystallization 20) and further improves the crystallinity of HACs. In this study, the saturated steam pressures for hydrothermal treatment in the autoclave are increased from 0.23 MPa (125 C) to 1.56 MPa (200 C). Thus, the steam pressure can be thought of as another factor affecting crystallization during hydrothermal treatment. With the abundant compensation of hydroxyl and higher pressure than vacuum heating, the impurity phases and amorphous calcium phosphate further transform to crystalline HA phase. The HT200 specimen displays the highest content of HA phase compared to the other vacuum heating specimens, even at heat treatment of only 200 C. Therefore, it can be suggested that hydrothermal treatment is favorable for the structural integrity of HA.
Bonding strength
According to a proposed model for phase distribution in plasma-sprayed HA coating layers, 3) the outer shell of the molten droplets is the amorphous calcium phosphate spreading over the substrate. Therefore, the influence of the heat treatment on the bonding strength will be correlated to the crystallization and microstructural features of heat-treated HACs. The crystallization of amorphous calcium phosphate substantially increases HA phase content and the coating crystallinity in both heat treatments. As shown in Fig. 10 , VH600 and HT150 show the highest bonding strength for vacuum heating and hydrothermal treatment, respectively. Since the crystallization of amorphous calcium phosphate contributes to an improvement in fracture toughness of the HA coatings, 6) the increased fracture toughness can impede crack propagation within the coating and the bonding strength of the VH600 and HT150 specimens is further improved. It has been suggested that the crystallinities of HACs for biomedical applications should be about 60-70%. 21) According to the IOC results (Fig. 6 ), best condition VH600 and HT150 would be applicable. However, hydrothermal-treated specimen HT150 is more preferable because of the lower impurity phase content and the higher bonding strength owing to its denser microstructure (Fig. 8(c) ) than VH600.
Although higher temperatures will promote the crystallinity of HACs, the cracks in coatings will decrease the bonding strength of heat-treated HACs in spite of their high crystallinity. In the studies by Li et al. and Gross et al., the combined effect of crystallization and hydroxylation of amorphous calcium phosphate during phase transformation caused brittleness and contraction of HACs 6, 15) when the heating temperature was higher than 700 C. Thus, the concentrated large cracks after 700-800 C vacuum heating (Fig. 8(b) ) in the HACs in this study are believed to be due to above reasons and these cracks are a detrimental factor in the bonding strength of the VH700 and VH800 specimens. For hydrothermal treatment, however, the contraction of coatings with high crystallization induces horizontal inter-lamellar microcracks ( Fig. 8(d) ) at elevated hydrothermal-treated specimens HT175 and HT200, and this is probably caused by the crystallized ultrafine particles. 9) Due to the formation of ultrafine particles in the vicinity of cracks, the cracks become filled with the growing particles at elevated hydrothermal temperatures, and the coating layer will endure compressive stresses after cooling to room-temperature. The compressive stresses induce the debonding at lamellar-splat boundaries 22) and cause the development of inter-lamellar microcracks. The formation of defects, in the form of interlamellar microcracks, is detrimental to plasma-sprayed coatings and induces more serious bonding strength degradation in HT200 than the other heat-treated specimens.
Although the phase purity and crystallinity of HACs enhances the stability after implantation, the detrimental microstructure feature might result in poor bonding strength. From the present study, besides the heating temperatures, the ambient atmosphere and pressure also play important roles in the phase transformation and crystallization during different heating processes. Moreover, the structural integrity of heattreated HA is essential for stability in mechanical properties. Compared with vacuum heating treatment, the autoclaving hydrothermal treatment could greater improve the phase purity, crystallinity and bonding strength of HACs, especially at easily attained low temperatures. However, further in vitro and in vivo studies should be carried out to investigate the biocompatibility of heat-treated HACs.
Conclusion
The long-term stability of HACs is thought to depend mainly on the crystallinity, phase composition, and bonding strength of HACs. In this study, the post-vacuum heating and autoclaving hydrothermal treatment was performed to improve coating characteristics. The results from this study can be concluded as follow:
(1) On the basis of quantitative analysis in crystallinity and phase content, autoclaving hydrothermal treatment is more favorable to elimination of impurity phases and amorphous calcium phosphate than vacuum heating. (2) An ambient saturated steam atmosphere is helpful in lowering the temperatures of HA crystallization. Furthermore, an increased saturated steam pressure for autoclaving hydrothermal treatment may also promote the process of HA crystallization. (3) Relatively high temperatures are not recommended for heat-treated HACs because the coatings would be destroyed by concentrated large cracks and interlamellar microcracks for vacuum heating and hydrothermal treatment, respectively. (4) Compared with vacuum heating, hydrothermal treatment is more conducive to improving bonding strength and phase purity at lower temperatures.
